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@ Integrated optical device and method for manufacturing thereof. 

(57) An integrated optical device comprising a substrate (1); a 
single-mode optical waveguide having a cladding layer (12) 
disposed on the substrate (1) and a core portion (4, 5) 
embedded in the cladding layer (12) and for transmitting light 
therethrough; and a stress applying film (31) disposed on a 
desired portion of the cladding layer (12) and for adjusting 
stress-induced birefringence of the single-mode optical wave- 
guide by irreversibly changing a stress exerted on the core 
portion (4) by trimming technique. The integrated optica! device 
can be manufactured by the steps of forming a cladding layer 
(12) on a substrate (1); forming a single-mode optical 
waveguide having a core portion (4, 5) embedded In the 
cladding layer (12) and for transmitting light therethrough: and 
forming, on the cladding layer (12), a stress applying film (31) 
for exerting a stress on the single-mode optical waveguide to 
irreversibly change the stress by trimming the film (31). The 
device exhibits a precisely adjusted birefringence and a desired 
polarization dependence or independence and is effective for 
constructing an integrated optical device for optical communi- 
cation, for optical sensor or for optical signal processing, In 
which the polarization characteristics play an important role. 
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Description 



INTEGRATED OPTICAL DEVICE AND METHOD FOR MANUFACTURING THEREOF 



The present invention relates to an integrated 
optical device having a substrate and optical 
waveguides disposed thereon and a method for 5 
manufacturing such a device and more particularly 
to an integrated optical device so structured as to 
exhibit a desired polarization dependence or inde- 
pendence by adjusting birefringence of optical 
waveguides of the device and a method for manuf ac- 10 
turing the device. 

A single-mode channel optical waveguide formed 
on a planar substrate, in particular a silica-based 
single-mode channel optical waveguide formed on a 
silicon substrate is described in, for instance, the 75 
article by N. Takato et al. entitled "Guided-Wave 
Multi/Demultiplexer for Optical FDM Transmission" 
(Technical Digest of ECOC '86, p. 443). In such a 
silica-based single-mode channel optical waveguide, 
the size of the cross section of the core portion 20 
thereof can be established at 5 to 10 urn which is 
consistent with that of a silica-based single-mode 
channel optical fiber commonly used and, therefore, 
it is expected to use the silica-based single-mode 
optical waveguide as a means for obtaining practi- 25 
cally useful integrated optical devices excellent in 
matching properties with an optical fiber. 

Figs. 14A and 14B are, respectively, a plan view 
and an enlarged sectional view taken along line A-A' 
in Fig. 14A, illustrating a configuration of a guided- 30 
wave Mach-Zehnder interferometer as an example 
of such a conventional integrated optical device in 
which this kind of silica-based single-mode channel 
optical waveguide is employed. 

In Figs. 14A and 14B t reference numeral 1 denotes 35 
a silicon substrate. Reference numerals 2 and 3 
denote directional couplers formed, on the silicon 
substrate 1. from a silica-based glass material. The 
directional couplers 2 and 3 are comprised, respec- 
tively, of a pair of two silica-based single-mode 40 
channel optical waveguides 2-1 and 2-2. and 3-1 and 
3-2 adjacent to one another, and each coupling 
factor thereof is established to be about 500/o. 
Reference numerals 4 and 5 represent two optical 
waveguides. The optical waveguide 4 connects the 45 
optical waveguides 2-1 and 3-1 of the directional 
couplers 2 and 3 to each other. The optical 
waveguide 5 connects the optical waveguides 2-2 
and 3-2 of the direction couplers 2 and 3. The optical 
waveguide 4 is longer, by AL. than the optical 50 
waveguide 5. Each of these optical waveguides 2-1, 
2-2. 3-1, 3-2, 4 and 5 is comprised of a core glass 
portion embedded in a cladding glass layer 12 
disposed on the substrate 1 . The optical waveguides 
2-1 and 2-2 are provided with input ports 1a and 2a 55 
and the optical waveguides 3-1 and 3-2 are provided 
with output ports 1b and 2b. In addition, a thin film 
heater 6 is disposed on the cladding glass 12 and 
above the optical waveguide 5. 

In this optical device, it is known that optical 60 
signals can alternatively be outputted from the 
output ports 1b and 2b with a period (Af) rep- 
resented by the following formula: 



Af = c/2nAL 
(wherein c represents light velocity and n is the 
refractive index of the optical waveguide) 

as the frequency of the optical signal inputted 
through the input port 1a is varied. 

On the other hand, Fig. 15 shows the periodic 
characteristics of the interferometer shown in 
Figs. 14A and 14B. That is. Fig. 15 illustrates the 
frequency characteristics of the output light from the 
output ports 1b and 2b observed when TE polarized 
wave having a polarization direction parallel to the 
substrate 1 is inputted as a signal light to the input 
port 1a. In Fig. 15, the solid line curve represents the 
frequency characteristics of the output light from the 
output port 1b and the broken line curve represents 
the frequency characteristics of the output light from 
the output port 2b. 

In this respect, it is, for instance, assumed that 
two optical signals fi and f2 having a frequency 
difference (Af) therebetween of 10 GHz are simulta- 
neously inputted through the input port 1a In the 
band of 1.55 urn. If AL in the aforementioned formula 
is established at about 10 mm. the two optical 
signals f 1 and f2 can separately be outputted from 
the output ports 1b and 2b. In practice, Ihe thin film 
heater 6, which serves as a phase shifter for 
changing the effective optical path of the optical 
waveguide 5 by approximately one wavelength in 
accordance with thermo-optical effect, is disposed 
on one optical waveguide 5 and the electric voltage 
applied to the thin film heater 6 is so adjusted to 
synchronize the foregoing period of the guided- 
wave Mach-Zehnder interferometer with the fre- 
quencies of the optical signals fi and iz and to 
output a desired optical signal from a desired output 
port, whereby the Mach-Zender interferometer 
shown in Figs. 14A and 14B as a whole functions as a 
optical frequency division multi/demultiplexer. 

Such a device can be manufactured in accordance 
with a conventional method which mainly utilizes the 
techniques for depositing silica-based glass film 
onto a silicon substrate and for finely processing the 
resultant glass film by reactive ion etching. 

However, the guided-wave Mach-Zehnder interfe- 
rometer shown in Figs. 14A and 14B is affected by a 
strong compression stress generated within the 
surface of the glass film due to the difference of 
thermal expansion coefficient between the silica- 
based glass and the silicon substrate. As a result, 
the optical waveguide exhibits a stress-induced 
birefringence of the order of Bo — 5 x 10* 4 (ex- 
pressed in the value of birefringence). Here. 
Bo _ n T M-n T E. wherein n T e is an effective refractive 
index of TE polarized wave and n T M is an effective 
refractive index of TM polarized wave. In other 
words, the effective refractive indexes n (i.e.. nrc and 
n™) differ from one another by Bo depending on the 
polarization direction of the incident light. There is, 
therefore, caused a deviation in the phase of th 
above-d scribed periodic characteristics of the 
interferometer depending on the polarization direc- 
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tions. As a result, there is a problem that the 
Interferometer does not function as an optical 
frequency division multi/demultiplexer at all, unless 
the polarization direction of an optical signal is 
previously adjusted to a direction either parallel (TE 
polarized wave) to or veritical to (TM polarized wave) 
the surface of the substrate. 

It is known that if the value of birefringence of the 
optical waveguide constituting the interferometer 
such as shown in Figs. 14A and 14B can be freely 
controlled, the guided-wave interferometer can be 
so designed that the periodic characteristics of the 
TE polarized wave apparently coincide with those of 
the TM polarized wave. Namely, such an interfe- 
rometer may be obtained by adjusting the birefrin- 
gence of the optical waveguide, so that a slight 
difference (Bo-AL) in the difference between the 
optical paths (AL) of the interferometer due to the 
polarization direction is made equal to m times the 
wavelength of the signal light (wherein m is an 
integer inclusive of zero). 

In the conventional methods for manufacturing 
integrated optical devices, however, the only 
method for controlling the birefringence Is to change 
the composition of glass used for making wave- 
guides or the kind of substrate. This causes a 
problem when sophisticated integrated optical de- 
vices are constructed. Alternatively, the value of 
birefringence of an optical waveguide can be varied 
by changing the cross sectional shape of its core 
portion from square to a longitudinally or transver- 
sely elongated rectangular shape to make use of 
shape effect. However, the variation in the birefrin- 
gence in this case is only of the order of 10~ 5 and this 
variation is not practically sufficient. In this case, if 
the cross sectional shape is an extreme rectangular 
shape, there is a problem that connection losses 
when the input and output ports are connected to 
optical fibers are extremely increased. 

In order to eliminate the above-described prob- 
lems of the guided-wave interferometer, an interfe- 
rometer provided with one or more grooves for 
adjusting a stress-induced birefringence is pro- 
posed, for instance, in the article by M. Kawachi et 
al., entitled "Birefringence control in high-silica 
single-mode channel waveguides on silicon" (Tech- 
nical Digest of OPFC/IOOC *87, TUQ31) or European 
Patent Application Laid-Open No. EP-0255270-A2. 

Figs. 16A and 16B are, respectively, a plan view 
and an enlarged cross sectional view taken along 
line A-A' of Fig. 16A, both showing an example of a 
configuration of such an interferometer provided 
with grooves for adjusting the stress-induced bire- 
fringence. This example differs from that shown in 
Figs. 14A and 14B in that the former has stress 
adjusting grooves 21a and 21b for controlling the 
stress-induced birefringence of the optical wave- 
guide by releasing a part of the stress from the 
substrate 1. The stress adjusting grooves 21a and 
21b ar disposed on the cladding glass layer 12 
adjacent to the core portion of the optical wave- 
guide 4 and can be formed by a reactive ion etching 
process. In principle, it seems that the dependence 
of the interferometer upon the inputted polarized 
wave can certainly be eliminated by establishing the 



position, depth, width and length of the grooves 21a 
and 21b, so that the slight difference in the 
difference AL between the optical paths of th 
interferometer due to the polarization directions is 
5 made equal to m times the wavelength of the signal 
light (m is an integer). This structure, however, has 
the following problem concerning the manufacture 
thereof. 

When an integrated optical device having such a 

10 construction as that shown in Figs. 16A and 16B is 
manufactured, the stress adjusting grooves 21a and 
21b are formed by removing a part of the cladding 
layer 12 by a reactive ion etching process. It is, 
however, impossible to simultaneously measure 

15 (perform on-line monitoring) the polarization charac- 
teristics of the interferometer during the ion etching 
process. This is because such a fine processing as 
the reactive ion etching process is effected in 
plasma restrained within a vacuum chamber and, 

20 therefore, it is difficult to form such a groove while 
monitoring the polarization characteristics by intro- 
ducing a monitoring light into the processed interfe- 
rometer. As a consequence, the processed device is 
sometimes etched excessively and thus it Is difficult 

25 to obtain an interferometer exactly turned to desired 
polarization characteristics. 

There has been proposed a further method in 
which a stress applying portion is formed in the 
cladding layer 12 in the vicinity of the core portion of 

30 the optical waveguide instead of forming the stress 
adjusting grooves 21a and 21b shown in Figs. 16A 
and 16B, so that the value of birefringence in a 
desired part of the optical waveguide is adjusted. 
Fig. 17 is a cross sectional view showing an example 

35 of such a conventional optical waveguide provided 
with such stress applying portions. In accordance 
with this construction, the stress applying portions 
22a and 22b of polycrystalline silicon are arranged on 
both sides of the core portion 4 and in the vicinity 

40 thereof to adjust the birefringence of the optical 
waveguide 4. In order to exactly adjust the birefrin- 
gence at a desired value according to this method, it 
is required to determine and calculate the shape, 
position and required length of the stress applying 

45 portions 22a and 22b on the basis of an accurate 
calculation of stress distribution and in accordance 
with the results, a glass film and a silicon film should 
be deposited and etched to form an optical 
waveguide structure with desired stress applying 

50 portions thereon without any error. However, such 
procedures can be carried out only with great 
difficulties concerning processing. 

While, the importance of the birefringence adjust- 
ment of optical waveguides in the manufacture of 

55 integrated optical devices and problems associated 
with the conventional method for producing the 
devices have been discussed with respect to the 
dependence of a guided-wave Mach-Zehnder inter- 
ferometer upon the inputted polarized wave as a title 

60 example, the same problems likewise arise when 
manufacturing other integrated optical devices such 
as an optical ring resonator, a Fabry-Perot reson- 
ator, a polarization beam splitter, a mod converter, 
a wave plate, a directional coupler and so on. 

65 In the case of fabricating integrated optical 
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devices provided with a single-mode optical wave- 
guide formed from materials other than the material 
for silica-based single-mode optical waveguide, it is 
also desired to adjust the birefringence of the optical 
waveguide to produce devices exhibiting desired 
polarization characteristics. For example, in inte- 
grated optical devices essentially provided with an 
ion-diffused glass waveguide in which a core portion 
is formed by diffusing ions capable of increasing the 
refractive index of the multi-component glass into 
desired portions on the surface of a substrate 
composed of the multi-component glass, it is known 
that the core portion of the optical waveguide is 
affected by a stress from the substrate and thereby a 
stress-induced birefringence is created therein. In 
order to impart a desired polarization dependence to 
an integrated optical device, it is, of course, required 
to precisely control the stress-induced birefrin- 
gence. There has, however, never been known a 
method for precisely tuning a value of the birefrin- 
gence, while allowing errors associated with the 
fabrication of the optical waveguide. 

In addition to the glass type integrated optical 
devices discussed above, it is also strongly required 
to precisely control the birefringence value of optical 
waveguides when fabricating integrated optical 
devices in which optical waveguides of LiNbCh type 
materials; optical waveguides of semiconductors 
such as InP or GaAs; and optical waveguides of 
magnetic materials such as YIG type materials are 
used. For instance, an attempt has been directed to 
th fabrication of an integrated optical isolator 
composed of a GGG substrate and a YIG type 
optical waveguide formed thereon. However, it is 
necessary that the stress-induced birefringence of 
the YIG type optical waveguide due to the stress 
from the GGG substrate be restricted to zero in 
order to ensure smooth Farady rotation of the 
polarization plane while the optical signal is trans- 
mitted through the YIG type optical waveguide. 

For this purpose, there has been proposed a 
method for forming silica glass film serving as 
stress-induced portions on the YIG type optical 
waveguide. However, it is difficult to precisely 
control the birefringence value of the resulting 
waveguide for the same reasons as discussed above 
in connection with the conventional embodiments 
shown in Figs. 16A, 16B and 17. 

Alternatively, there has been proposed a method 
for cancelling the stress from the GGG substrate by 
applying a weight to the upper portion of the YIG 
optical waveguide. However, there is a high possi- 
bility that the GGG substrate per se is damaged by 
the application of the weight. In addition, such a 
solution has not been practically acceptable when a 
variety of optical elements are integrated on a single 
substrate. 

The aforementioned drawback associated with 
the conventional methods for fabricating integrated 
optical devices, i.e., the incapableness of precise 
and easy control of birefringence value of the optical 
waveguide is a serious obstacle in designing and 
fabricating integrated optical devices such as an 
interferometer, a ring resonator, a polarization beam 
splitter, an isolator and so on, in which the 



birefringence characteristics of the optical wave- 
guide play an important role. 

Accordingly, it is an obj ct of the present 
invention to provide an integrated optical device and 

5 a method for manufacturing the device, which 
eliminates the above-described disadvantages as- 
sociated with the conventional techniques to pre- 
cisely control the birefringence value of optical 
waveguides used in such optical devices. 

10 It is another object of the present invention to 
provide an integrated optical device with a desired 
polarization dependence or without a polarization 
dependence and a method for manufacturing the 
device. 

15 The foregoing and other purposes of the present 
invention can effectively be achieved by providing an 
integrated optical device which comprises a sub- 
strate; a single-mode optical waveguide having a 
cladding layer disposed on the substrate and a core 

20 portion embedded in the cladding layer and for 
transmitting light therethrough; and a stress ap- 
plying film disposed on a desired portion of the 
cladding layer and for adjusting stress-induced 
birefringence of the single-mode optical waveguide 

25 by irreversibly changing a stress exerted on the core 
portion by trimming the stress applying film. 

Here, the stress applying film may be an amor- 
phous silicon film. 
The single-mode optical waveguide may be a 

30 silica-based optical waveguide having Si02 as its 
major component. 

According to another aspect of the present 
invention, there is provided a method for manufac- 
turing an integrated optical device comprising the 

35 steps of: forming a single-mode optical waveguide 
on a substrate, the single-mode optical waveguide 
having a core portion embedded in the cladding 
layer and for transmitting light therethrough; and 
forming, on the cladding layer, a stress applying film 

40 for exerting a stress on the single-mode optical 
waveguide and for irreversibly changing the stress 
by trimming the stress applying film. 

Here, the method may further comprise the step 
of partially trimming the stress applying film to adjust 

45 a stress-induced birefringence value of a part of the 
single-mode optical waveguide lying under the 
trimmed portion of the stress applying film to adjust 
optical characteristics of the integrated optical 
device. 

50 A monitoring light may be made incident upon the 
integrated optical device in the step of trimming the 
stress applying film to trim the stress applying film 
while monitoring the desired optical characteristics. 
In the step of trimming the stress applying film, the 

55 stress applying film may be trimmed by partially 
irradiating a light beam on the stress applying film. 

The integrated optical device according to the 
present invention differs from the conventional 
optical device provided with the stress adjusting 

60 grooves shown in Figs. 16A and 16B or the stress 
applying portions shown in Fig. 17, in that the 
birefringence value can be adjusted without chang- 
ing the compositions of the optical waveguide and 
the materials of the substrate us d. In addition, it is 

65 not required that the stress applying film be formed 
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accurately, in accordance with the method of the 
present invention. A desired birefringence charac- 
teristics can be imparted to the optical device by 
trimming the stress applying film in a post-proc ss- 
ing. According to the method of the present 
invention, the stress applying film can be trimmed, 
while monitoring specific device characteristics 
such as the polarization characteristics of an 
integrated optical device by introducing a monitoring 
light into the integrated optical device and, there- 
fore, the birefringence and in turn the polarization 
characteristics of the optical devices can be very 
pr cisely controlled in accordance with the present 
invention. 

The concept of trimming per se has been known in 
the fabrication of hybrid integrated circuits in the 
field of electronic circuits, in which a film of 
resistance material deposited or printed on a 
substrate is partially cut by a laser beam to precisely 
determine the resistance thereof to a desired value. 
Alternatively, in the field of integrated optical 
devices, there has been proposed the use of such a 
trimming technique for the purpose of compensat- 
ing an error due to the fabrication process of a 
directional coupler by tuning the coupling factor 
thereof. In this case, a film of a material having a 
variable refractive index which is changed in accord- 
ance with light irradiation, for instance, a chalco- 
genide glass film, is formed on the upper portion of 
the light coupling portion of an LiNb03 directional 
coupler and the coupling factor thereof is adjusted 
by irradiating ultraviolet radiation onto the chalco- 
genide glass film. 

There has never been proposed a method for 
manufacturing birefringence type integrated optical 
d vices exhibiting a desired polarization characteris- 
tics by changing the stress applied to the optical 
waveguide by trimming the stress applying film so 
that the birefringence value thereof is adjusted. 

The above and other objects, effects, features and 
advantages of the present invention will become 
more apparent from the following description of 
embodiments thereof taken in conjunction with the 
accompanying drawings. 

Fig. 1 is a perspective view showing an 
interferometer as the first embodiment of an 
integrated optical device according to the 
present invention; 

Figs. 2A to 2E are cross sectional views 
illustrating steps in one embodiment of a 
method for manufacturing integrated optical 
devices according to the present invention; 

Fig. 3 is a schematic diagram showing an 
example of the structure of the laser trimming 
apparatus used in performing the method of the 
present invention; 

Figs. 4A and 4B are explanatory diagrams 
illustrating polarization characteristics of the 
interferometer as the first embodiment; 

Figs. 5A and 5B are a plan view and a cross 
sectional view, taken along line A-A' in Fig. 5A, 
showing an interferometer as the second 
embodiment of an integrated optical device 
according to the pr sent invention, respec- 
tively; 



Fig. 6 is a plan view showing a two-stage 
interferometer as the third embodiment of an 
integrat d optical device according to the 
present invention; 
5 Fig. 7 is a plan view showing a ring resonator 

as the fourth embodiment of an integrated 
optical device according to the present inven- 
tion; 

Figs. 8A and 8B are explanatory diagrams 
10 illustrating polarization characteristics of the 

ring resonator; 

Figs. 9A and 9B are a plan view and a cross 
sectional view, taken along line A-A' in Fig. 9A, 
showing a polarization beam splitter as the fifth 
15 embodiment of an integrated optical device 

according to the present invention, respec- 
tively; 

Fig. 10 is a cross sectional view showing an 
optical waveguide as the sixth embodiment of 
20 an integrated optical device according to the 

present invention; 

Fig. 11 is a sectional view showing a 
multicomponent glass system optical wave- 
guide as the seventh embodiment of an inte- 
25 grated optical device according to the present 

invention; 

Fig. 12 is a cross sectional view showing a 
YIG optical waveguide as the eighth embodi- 
ment of an integrated optical device according 
30 to the present invention ; 

Figs. 1 3A and 1 3B are a plan view and a cross 
sectional view, taken along line A-A' in Fig. 13A, 
showing a guide-wave wave plate as the ninth 
embodiment of an integrated optical device 
35 according to the present invention ; 

Figs. 14A and 14B are a plan view and a cross 
sectional view, taken along line A-A' in Fig. 14A, 
showing the construction of an interferometer 
as an example of a conventional integrated 
40 optical device, respectively; 

Fig. 15 is an explanatory diagram illustrating 
the frequence characteristics of the conven- 
tional interferometer; 

Figs. 16A and 16B are a plan view and a cross 
45 sectional view, taken along line A-A' in Fig. 16A, 

showing another example of the construction of 
a conventional integrated optical device, re- 
spectively; and 

Fig. 17 is a cross sectional view showing 
50 further example of the construction of a 

conventional integrated optical device. 

Embodiment 1 

55 The configuration of a guided-wave interferometer 
as the first embodiment of an integrated optical 
device according to the present invention is shown 
in Fig. 1 as a perspective view. 
This embodiment 1 differs from the conventional 

60 structures shown in Figs. 14A and 14B or in 
Figs. 16A and 16B in that a stress applying film 31 is 
disposed on a portion existing on a cladding layer 12 
and corresponding to an optical waveguide 4 which 
connects two directional couplers 2 and 3 ach 

65 having a coupling factor of 50%. The stress applying 
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film 31 can irreversibly change a stress applied to a 
core portion by external stimulation or excitation. 

In Fig. 1, the cladding layer 12 of the silica-based 
single-mode optical waveguides 4 and 5 formed on a 
silicon substrate 1 is composed of Si02 glass having 
a thickness of 50 urn. The core portion is made of 
Si02-Ti02 glass having a square section of 8 urn x 8 
urn and arranged at the center of the cladding layer 
12. The stress applying film 31 is an amorphous 
silicon film which is formed on a part of the surface of 
the cladding layer 12 and which has a thickness of 6 
jam and a width of 200 urn. The stress applying film is 
partially converted into polycrystalline silicon due to 
phase transition by the application of external 
stimulation such as irradiation with a laser beam, if 
so required, so that the strength of the stress 
exerted on the core portion below the film is 
changed. Thus, after the completion of the trimming 
process, the stress applying film 31 is divided into 
two parts, i.e., a part. 31a not trimmed yet (in this 
case, amorphous region) and a trimmed part 31b (in 
this case, polycrystalline region). Moreover, a thin 
film heater 6 is arranged on the cladding glass layer 
12 and over the optical waveguide 5. 

In a conventional device having no stress applying 
film 31 formed thereon, the stress-induced birefrin- 
gence value B of a single-mode optical waveguide is 
equal to about 5x1 fr 4 , which reflects the compress- 
ion stress from the substrate. On the contrary, in the 
device provided with the stress applying film 31, the 
film 31 exerts a tensile stress on the optical 
waveguide 4, so that the tensile stress serves to 
partially cancel the compression stress from the 
substrate 1 and as a result, the birefringence value B 
of the optical waveguide 4 below the stress applying 
film 31 is reduced to about 3.5x10~ 4 . However, the 
inventors of the present invention have found that if 
a part 31b of the stress applying film 31 is converted 
into polycrystalline form by irradiating to heat it with, 
for instance, a laser beam, the stress of the stress 
applying film 31 in the trimmed region 31b is relaxed 
and that the birefringence value B almost returns to 
its original value of about 5x1 0 -4 . 

The laser beam trimming operation can be carried 
out. while introducing monitoring light into an input 
port 1a or 2a of the processed interferometer. 
Therefore, on the basis of the results obtained by the 
monitoring light, the birefringence value of the 
optical waveguide can be accurately adjusted to 
impart a desired polarization dependence or polariz- 
ation independence to the interferometer. 

An embodiment of a method of the present 
invention for manufacturing such an integrated 
optical device will be explained below with reference 
to Figs. 2A to 2E. Figs. 2A to 2E are sectional views 
taken along line A-A r in Fig. 1 and correspond to 
respective steps in the method of the present 
invention. 

First, referring to Fig. 2A, an optical waveguide film 
composed of a lower cladding layer 41 having Si02 
as its major component and a core layer 42 having 
Si02-Ti02 as its major compon nt is formed on a 
silicon substrate 1 in accordance with a conventional 
method such as that disclosed in the article by M. 
Kawachi et al. entitled "Flame Hydrolysis Deposition 



of Si0 2 -Ti02 Glass Planar Optical Waveguides on 
Silicon" (Jpn. J. Appl. Phys.. 1983, Vol. 22, p. 1932). 
According to this method, fine glass particles 
formed by a flame hydrolysis reaction of a gas 
5 mixture such as SiCU, TiCU or the like as a raw 
material are deposited on the silicon substrate 1 and 
then the deposited layer is vitrified into transparent 
glass. 

Subsequently, unnecessary portions of the core 
10 layer 42 are removed by a reactive ion etching 
process to form ridge-like core portions 42a and 
42b. as shown in Fig. 2B. 

Then, as shown in Fig. 2C, an upper cladding layer 
43 mainly composed of Si02 is formed by again 
15 making use of the flame hydrolysis technique, so 
that the core portions 42a and 42b are completely 
embedded in the lower and upper cladding layers 41 
and 43 which integrally form the cladding layer 12 of 
the optical waveguide. In this embodiment, the core 
20 portions 42a and 42b form the optical waveguides 4 
and 5, respectively. The formation per se of the 
channel waveguides according to the foregoing 
process is known and disclosed in the article by N. 
Takato et al. entitled "Low-Loss High-Silica Single- 
25 Mode Channel Waveguides", Electron Lett., 1986. 
Vol. 22. No. 6, pp. 321-322. 

Referring subsequently to Fig. 2D, an amorphous 
silicon film 31 serving as a stress applying film and a 
thin film heater 6 serving as a phase shifter, if 
30 necessary, are formed on the cladding layer 12, at 
positions corresponding to the optical waveguides 4 
and 5, respectively. In this embodiment, the amor- 
phous silicon film 31 was formed by a magnetron 
sputtering technique in which polycrystalline silicon 
35 is used as a target, while the thin film heater 6 is 
formed according to a vacuum vapor deposition 
method in which a metal chromium is used as an 
evaporation source. The sputtering atmosphere 
used to form the amorphous silicon film 31 accord- 
40 ing to the magnetron sputtering method was, for 
instance, an Ar gas to which an H2 gas of 3 
volume 0/0 was added. 

Next, in the process shown in Fig. 2E, a desired 
portion of the amorphous silicon film 31 is partially 
45 irradiated with an argon laser beam 37 for trimming 
to convert that portion of the amorphous silicon film 
31 into polycrystalline silicon. As a result, a part of 
the optical waveguides corresponding to that poly- 
crystalline silicon portion could acquire a desired 
50 birefringence value. 

The difference between the difference R in the 
optical paths between the polarization directions of 
the optical waveguide and N X (where N is an 
integer and k is the light wavelength) plays an 
55 important role in determining the polarization char- 
acteristics of the integrated optical device. In this 
connection, R can be given by the following 
equation: 
R - |B df 

60 , where £ represents a line coordinate taken along 
the longitudinal direction of the optical waveguide. 

According to the present invention, it is possible 
to impart desired polarization characteristics to the 
integrated optical devices by finely adjusting the R 

65 value. In the interferometer of the present embodi- 
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ment, the difference in the R values between the 
portions of the two optical waveguides 4 and 5, each 
of which is coupled to the two directional couplers 2 
and 3 and of which the portions are defined by these 
waveguides is of primary importance in determining 
the polarization characteristics of the integrated 
optical devices. 

The arrangement of an example of an apparatus 
for laser trimming used in the method of the present 
invention is shown in Fig. 3. 

In Fig. 3, a specimen 51 for a guided-wave 
interferometer formed on the silicon substrate 1 is 
placed on a specimen table 52. This laser trimming 
apparatus has optical fibers 1a' and 2a' which, 
respectively, serve to input signal light from signal 
light sources 53 and 53' thereof to the specimen 51 
and optical fibers 1b' and 2b' guide the signal light 
from the interferometer 51 towards a photo detector 
device 54. The trimming apparatus further comprises 
an Ar laser source 55 for trimming and a laser beam 
scanning device 56 for scanning the laser beam from 
the laser source 55 on the amorphous silicon film 31 
so as to irradiate a desired portion of the film 31 to 
be trimmed by the laser beam 37. 

As mentioned above, the stress applying film 31 
formed on the upper surface of the specimen 51 (in 
this case, the amorphous silicon film) is irradiated 
with the laser beam 37 obtained by scanning the 
laser beam from the argon laser source 55 by the 
laser beam scanning device 56. The temperature of 
the part of the amorphous silicon film irradiated with 
the laser beam is instantaneously increased to a high 
temperature by the heating effect of the laser beam 
and is converted into polycrystalline form. When the 
irradiation with the laser beam is stopped, the 
temperature thereof rapidly returns to room tem- 
perature, but there remains an irreversible change of 
the birefringence value of the optical waveguide 
corresponding to the portions irradiated with the 
laser beam. The input and output optical fibers 
"la'and 2a' and 1b' and 2b' are never heated even 
when the laser beam is irradiated and, therefore, the 
polarization characteristics of the light outputted 
from the optical waveguides 3-1 and 3-2 can be 
monitored by introducing a monitoring light for 
monitoring into the optical waveguides 2-1 and 2-2. If 
the polarization characteristics is monitored by 
intermittently irradiating the amorphous silicon film 
31 with the laser beam for trimming, it is possible to 
impart a desired birefringence polarization charac- 
teristics to the optical waveguide 4 with a high 
precision. 

The power of the Ar laser beam with which the 
amorphous silicon film is irradiated is, for instance, 1 
W and the diameter of the laser beam spot is, for 
instance, of the order of 20 jim. 

If a power of the laser beam was increased, it was 
sometimes observed that the amorphous silicon film 
31 was instantaneously evaporated instead of being 
converted into polycrystaHine silicon film. However, 
it is noted that this phenomenon can also be 
employed in the present invention to carry out the 
trimming for adjusting birefringence, as far as it does 
not deteriorate the underlying glass lay r 12. 

In the method of the pr sent invention, a YAG 
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laser source or th like may be used as the laser 
source 55 instead of the Ar laser source. 

Figs. 4A and 4B are explanatory diagrams for 
illustrating the polarization dependence of th 
5 light-outputting property of the interferometer, ob- 
served between the input port 1a and the output port 
1b and show the change in the intensity of the light 
outputted from the output port 1b when the light 
frequencies of TM and TE waves incident upon the 

10 input port 1a are changed. More specifically, Fig. 4A 
shows results observed before carrying out the laser 
trimming and Fig. 4B shows those observed after the 
laser trimming. 
In Fig. 4A, that is, before carrying out the laser 

15 trimming, there is a discrepancy in the frequency 
response between TE wave and TM wave. Therefore, 
only one of the TE wave and the TM wave must be 
selectively incident upon the Interferometer in order 
to operate the interferometer as a wave combining 

20 and splitting device, as already mentioned above. 

When the amorphous silicon stress applying film 
31 is trimmed with monitoring the polarization 
characteristics of the interferometer, the trimming 
operation is stopped when the frequency responses 

25 of the TM and the TE waves coincide with one 
another, as shown in Fig. 4B. Here, a slight 
difference in the optical path length difference 
(n- AL) between the two optical waveguides 4 and 5 
connecting the two directional couplers 2 and 3 due 

30 to the polarization directions is coincident with m -X, 
wherein m is an integer and X is the wavelength of 
the signal light. The variation AB of B before and 
after the trimming is of the order of 1.5x1 Or 4 in the 
above-described embodiment. Therefore, if a length 

35 £* of a region where the amorphous silicon film is 
formed is established to satisfy the relation: 
AB-£*> X , namely £ *>10 mm, the polarization 
dependence can surely be eliminated by the trimm- 
ing. 

40 The trimming apparatus shown in Fig. 3 could trim 
the stress applying film 31 at a high special 
resolution of approximately 20 jj. m and the dif- 
ference R between the optical path lengths could be 
adjusted at an accuracy of one hundredth or less of 

45 the light wavelength. 

In such an interferometer so designed as to 
eliminate the polarization dependence, the TE wave 
and the TM wave show the same frequency 
response as seen in Fig. 4B. Thus, the interfe- 

50 rometer can operate as a optical frequency-division 
multi/demultiplexer, which is free of polarization 
dependence, by adjusting the phase shifter 6 in the 
form of thin film heater so that the positions of peaks 
and troughs of the frequency response are coinci- 

55 dent with fi and f2(f2-fi - Af). 

Embodiment 2 

Figs. 5A and 5B are, respectively, a plan view and 
60 an enlarged cross sectional view^ taken along line 
A-A' in Fig. 5A, illustrating the configuration of a 
guided-wave interferometer as the second embodi- 
ment of an integrated optical device according to the 
present invention. 
65 Th second embodiment differs from the first 
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embodiment shown in Fig. 1 in that heat insulating 
grooves 23a and 23b are disposed in the cladding 
layer 12 and on both sides of the optical waveguide 
5. These heat insulating grooves 23a and 23b can be 
formed by etching out desired portions of the 
cladding layer 12 by a reactive ion etching process 
and then partially removing the exposed portions of 
the silicon substrate 1 by a chemical etching or 
reactive ion etching process. These heat insulating 
grooves 23a and 23b serve to effectively heat the 
optical waveguide 5 by the thin film heater 6 to raise 
the temperature of the optical waveguide 5 as well as 
to prevent the heat generated by the heater 6 from 
being dissipated through the substrate 1 without 
being used. 

The consumed power of the thin film heater 6 can 
be reduced to about 1/10 times that in Embodi- 
ment 1 by providing the heat insulating grooves 23a 
and 23b. 

It should, however, be noted that the heat 
insulating grooves 23a and 23b simultaneously 
function also as stress adjusting grooves 21a and 
21b shown in Figs. 16A and 16B and accordingly 
cause a great change in the birefringence value of 
the optical waveguide 5. In order to precisely 
stimate the influence of these heat insulating 
grooves 23a and 23b on the birefringence value, it is 
required to establish an optical circuit on the basis of 
the analysis of complex stress distribution and to 
correctly control the working steps without error. 
However, such precise control of the steps is 
practically impossible. On the contrary, the device 
according to the present invention is provided with 
the stress applying film 31 capable of being trimmed. 
The stress applying film 31 allows the device to 
compensate the errors in designing and/or process- 
ing the device and to thus precisely control the 
polarization characteristics thereof (in this case, the 
elimination of the polarization dependence thereof). 
Therefore, the device of the present invention (in this 
case, interferometer) simultaneously satisfies the 
requirements for the reduction of the consumed 
power of the phase shifter and for precise control of 
the polarization characteristics thereof. 

Embodiment 3 

The configuration of a two-stage type interfe- 
rometer as the third embodiment of an integrated 
optical device according to the present invention is 
shown in Fig. 6 as a plan view. 

This embodiment has a construction based on 
that of the interferometer shown in Fig. 1 and 
comprises one interferometer having the optical 
path difference (AL) of approximately 10 mm and 
two interferometers having the optical path dif- 
ference (AL' = AL/2) of approximately 5 mm, which 
are connected to one another, as shown in Fig. 6. 

In Fig. 6, reference numerals 61a through 61 d 
denote input ports; 62-1 through 62-3 and 63-1 
through 63-3. directional couplers, each of the three 
interf rometers; 64a through 64d, optical wave- 
guides on the input side corresponding to the input 
ports 61a through 61d. respectively; and 65a 
through 65d, output ports. Reference numerals 66-1 



through 66-3 denote thin film heaters serving as 
phase shifters corresponding to the three interfe- 
rometers, respectively; and 67-1 through 67-3, 
stress applying films corresponding to the three 

5 interferometers, respectively. Reference numerals 
68a through 68d denote optical waveguides on the 
output side corresponding to the output ports 65a 
through 65d, respectively. Reference numerals 69a 
and 69b denote optical waveguides for coupling the 

10 directional couplers 62-1 and 63-1 to each other; 69c 
and 69d, optical waveguides for coupling the 
directional coupler 63-1 with the directional couplers 
62-3 and 62-2, respectively; 69e and 69f, optical 
waveguides for coupling the directional couplers 

15 62-2 and 63-2 to each other; and 69g and 69h. optical 
waveguides for coupling the directional couplers 
62-3 and 63-3 to each other. 

The construction shown in Fig. 6 constitutes as a 
whole 4-channel optical frequency-division multi/de- 

20 multiplexing device which has important fields of 
application. Amorphous silicon films 67-1 through 
67-3 as stress applying films are, respectively, 
disposed on the optical waveguides 69a. 69e and 
69g which constitute the corresponding interfe- 

25 rometers. 

Thin film heaters, i.e., phase shifters 66-1 . 66-2 and 

66- 3 for finely adjusting the optical path length are 
disposed on the other corresponding optical wave- 
guides 69b, 69f and 69h of the respective interfe- 
re? rometers. 

The polarization dependence of this two-stage 
type interferometer can be cancelled according to 
the following procedures. 

First, the amorphous silicon film 67-2 is subjected 

35 to a laser trimming treatment, while the frequency 
dependence of the frequency response of the light 
outputted from the output port 65a is monitored by 
making a signal light incident through the input port 
61a, and thus the polarization dependence of the 

40 interferometer on which the amorphous silicon film 

67- 2 is formed is eliminated. 

Then, the same procedures are effected with 
respect to the input port 61 d and the output port 65d 
to eliminate the polarization dependence of the 
45 interferometer having thereon the amorphous silicon 
film 67-3. 

After cancelling the polarization dependence of 
the two interferometers in the second stage of the 
two-stage interferometer, a signal light is inputted to 

50 the input port 61b. Then, the light outputted from the 
output ports 65a and that from the output port 65b 
are summed up so as to be able to neglect the 
interference effect of the interferometers in the * 
second stage, and while monitoring the polarization 

55 dependence of light frequency response of the 
summed output light, the amorphous silicon film 
67-1 is trimmed to cancel the polarization depend- 
ence of the first stage of the interferometer. 
After cancelling the polarization dependence of all 

60 the interferometers in this manner, the electric 
powers to be supplied to the thin film heaters or 
phase shifters 66-1, 66-2 and 66-3 ar van d to carry 
out fine adjustment of the light frequency responses 
of the respective interferometers in the transverse 

65 direction (direction of the light frequency axis). As a 



8 



15 



0 297 851 



16 



result, a optica! frequency-division multi/demulti- 
plexer handling 4-channel signal lights f 1 , f2, f3 and U 
having an interval of 10 GHz and having no 
polarization dependence can be obtain d. 

It is a matter of course that the present invention 
is likewise applicable to construct multi-stage inter- 
ferometers (or multi-channel optical frequency-devi- 
sion multi/demultiplexing device). 

Embodiment 4 

The configuration of a guided-wave ring resonator 
as the fourth embodiment of an integrated optical 
d vice according to the present invention is shown 
in Fig. 7. 

In the construction shown in Fig. 7, a ring-like 
optical waveguide 71 is disposed on a silicon 
substrate 1 in such a way that the optical waveguide 
71 is optically coupled with an input optical wave- 
guide 72 and an output optical waveguide 73 via 
directional couplers 74 and 75, respectively. Here, 
each of the optical waveguides 71. 72 and 73 are 
composed of a silica-based single-mode optical 
waveguide. The coupling factors of the directional 
couplers 74 and 75 are determined to be approxi- 
mately within a range from several% to 10 °/o. Above 
the ring-like optical waveguide 71, there is disposed 
an amorphous silicon film as a stress applying film 31 
which can adjust the stress to be applied to the 
optical waveguide 71 by trimming the film 31 with the 
laser beam 37. 

Figs. 8A and 8B are graphs showing the frequency 
response characteristics of the light outputted from 
the output port 1b, when a signal light in the form of a 
mixed wave of TE and TM waves is inputted through 
the input port 1a. Fig. 8A shows the characteristics 
before trimming. The ring resonator before trimming 
provides a periodic resonance characteristic inher- 
ent to such a ring resonator, while the responses of 
the TM and TE waves deviate from one another. On 
the other hand, Fig. 8B shows the frequency 
response characteristics of the resonator after 
trimming is performed to cancel the deviation in the 
light frequency response. After the trimming, the 
polarization dependence of this ring resonator is 
cancelled. 

The frequency period Af r of the ring resonator has 
a relationship with the circumferential length Ung of 
the ring-like optical waveguide 71 as follows: 

Af r «= c/(n-Lrmg) 

In this embodiment, the circumferential length Ung 
is approximately 40 mm and the period Afr is 5GH z. 
The slight difference between the optical paths 
n • Ung of the ring-like optical waveguide 71 due to 
the difference in the polarization direction is thus set 
at the value equal to an integer multiple of the 
wavelength of the signal light by trimming the stress 
applying film 31. 

In the foregoing embodiments, the present inven- 
tion has been explained referring to the cases in 
which integrated optical devices free of polarization 
dependence are provided. On the contrary, in the 
following embodiment, an Integrated optical device 
exhibiting a desired polarization dependence will be 
explained. 



Embodiment 5 

Figs. 9A and 9B ar , r spectively, a plan view and 
5 an enlarged cross sectional view, taken along line 
A-A' of Fig. 9A, illustrating the structure of a 
guided-wave polarization beam splitter as the fifth 
embodiment of the integrated optical device accord- 
ing to the present invention. 

10 As shown in Figs. 9A and 9B, in this embodiment, 
two silica-based single-mode optical waveguides 81 
and 82 are disposed on a silicon substrate 1 in such 
a way that the two optical waveguides 81 and 82 
come close to one another at two portions to form 

15 two directional couplers 83 and 84, having a coupling 
factor of approximately 50%. This structure as a 
whole constitutes a symmetrical Mach-Zehnder 
interferometer. A thin film heater 6 as a phase shifter 
is disposed on one of the two optical waveguides 81 

20 and 82 (in this embodiment, the optical waveguide 
82) which couples the two directional couplers 83 
and 84 to each other and an amorphous silicon film 
31 having a length of £** and serving as a stress 
applying film is disposed on the other optical 

25 waveguide (in this case, the optical waveguide 81). 
The optical path lengths of the two optical wave- 
guides 81 and 82 are different, by AR = AB-£**, 
from each other according to the polarization 
directions, because of the amorphous silicon film 31 . 

30 Here, if a part 31 b of the amorphous silicon film 31 
is trimmed with a laser beam so that AR is equal to 
one half of the light wavelength, the device shown in 
Figs. 9A and 9B can function as a polarization beam 
splitter. Namely, a signal light inputted through the 

35 input port 1a can be divided into two components, 
for instance, a TE component thereof outputted from 
the output port 2a and a TM component thereof 
outputted from the output port 2b. Moreover, if a 
power to be supplied to the thin film heater 6 is 

40 varied to change the optical path length of the 
optical waveguide 82 beneath the heater 6, by one 
half of the light wavelength, by the thermo-optical 
effect, the output ports from which the TE and TM 
components are outputted, respectively, can be 

45 reversed. 

In effect, the birefringence value of the optical 
waveguide 82 beneath the thin film heater 6 Is 
possibly slightly changed due to the presence of the 
heater per se in addition to the change due to the 

50 amorphous silicon film as the stress applying film 31 . 
However, according to the construction of the 
present invention, the trimming of the stress 
applying film 31 can be effected so as to achieve a 
desired polarization characteristics, with taking the 

55 stress exerted by the thin film heater 6 Into 
consideration. Therefore, such a slight change in the 
birefringence due to the thin film heater 6 can be 
neglected and does not cause a problem. 
In the aforementioned embodiment, the amor- 
da phous silicon stress applying film 31 has a width (W) 
of 200 \l m and thickness (d) of 6 \i m, and the 
change in the birefring nee valu (AB) before and 
after the trimming was of the order of 1.5x10r 4 . The 
change AB may be varied by properly selecting the 

65 values of W and/or d. For example, it was confirmed 
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that the value AB varies substantially in proportion to 
the d value provided that 0 < d < 10 urn. It should 
be noted that it was also observed that the 
birefringence value was sometimes rather increased 
by the trimming, if the value W is of the order of 100 
um or less. In any case, according to the present 
invention, if the values of W and d are set roughly by 
simulation study or a preexamination on the basis of 
calculation of stress distribution, then the birefrin- 
gence value can be adjusted finely by carrying out 
the trimming. Therefore, these phenomena do not 
cause a problem. 

The birefringence value returns substantially to its 
original value observed when the stress applying film 
is not provided, if the amorphous silicon film is 
converted into a polycrystalline film by the trimming. 
Therefore, the polycrystalline silicon film exerts only 
a very slight influence on the birefringence value. 

In the foregoing embodiment, an amorphous 
silicon film is used as the stress applying film 31 , 
because the amorphous silicon can be formed into a 
film relatively easily by a process such as magnetron 
sputter technique and the patterning thereof is also 
easily carried out by a dry process such as reactive 
ion etching. The amorphous silicon film may be 
formed in a manner that a strong compression 
stress exists within the film, which in turn exerts a 
tensile stress on the optical waveguide under the 
film. As the material for forming the stress applying 
film 31, materials other than amorphous silicon may 
b used in the present invention, as far as they 
provide a film which exerts a strong stress on an 
optical waveguide or a core portion thereof beneath 
the film, when the film is disposed on the cladding 
layer and in addition the stress condition can be 
varied irreversibly by applying externa! stimulation. 

In general, the thin films which are formed in a 
plasma atmosphere according to a method such as 
a sputter or plasma CVD method are in a metastabie 
condition. For this reason, it is often observed that 
the films thus formed exhibit an extremely high 
residual compression stress which cannot be ex- 
pected under a usual thermal equilibrium condition. 
One of typical examples of such a film is the 
foregoing amorphous silicon film. Similar phe- 
nomena are also observed in the case of an 
amorphous metal film such as a Co-Zr film or an 
amorphous silicon nitride film, which may be used as 
the stress applying film of this invention. In general, 
an amorphous film is more desirable compared with 
a crystalline film, since the former exhibits strength 
and toughness higher than those of the latter and 
the former hardly causes stress relaxation due to 
creep phenomenon. It is not desirable for the 
purpose of this invention to generate a residual 
tensile tress within the stress applying film, which 
easily leads to the formation of crack in the film and 
the like. 

While the aforementioned amorphous silicon 
stress applying film 31 is stable for a long period of 
time under th environment usually employed sub- 
stantially at room temperature, the so-called passi- 
vation technique may be employed in particular 
when a high reliability is required. In other words, 
after forming the amorphous silicon film, a protective 



layer such as a thin film of S1O2 or a silicon nitride 
film may be formed thereon to prevent the amor- 
phous silicon film from being modified due to the 
moisture in the air or the like. Since the S1O2 film and 
5 the silicon nitride film are transparent, the laser 
trimming can be effected through these films. 

An example of the external stimulation by which 
the stress of the stress applying film 31 can 
irreversibly be changed may be irradiation with 
10 infrared ray or a treatment for changing properties of 
the stress applying film or for damaging the film by 
discharge or dielectric breakdown due to the 
application of a high electric voltage to the film, in 
addition to the irradiation with a laser beam. 
15 However, the laser trimming is most practical, since 
the laser trimming is a treatment effected in 
non-contact condition and has high spacial resolu- 
tion and a fine adjustment of the stress condition 
can easily be achieved. 
20 While in this embodiment, the amorphous silicon 
film as the stress applying film 31 is formed only on 
the specific part of the cladding layer 12, the present 
invention is not restricted to such a specific 
example. The stress applying film 31 may be 
25 uniformly formed, for instance, over a wide area of 
the cladding layer 12 and then desired parts of the 
film, for example, a portion of the film corresponding 
to and above the core portion may be trimmed. 
Alternatively, chemical etching technique may 
30 also be adopted to effect trimming of the stress 
applying film 31 instead of laser trimming technique. 
Namely, the stress applying film 31 may be trimmed 
by applying chemical etching liquid to a desired part 
of the stress applying film 31 to etch the film 31 while 
35 monitoring the properties of the device processed 
and then blowing off the etching liquid immediately 
after the desired properties are attained. However, 
the chemical etching process is complicated, since 
it requires post-washing treatment or the like. 
40 In the case where an Si02-B203 glass film formed 
from a raw material composed of an SiCU-BCIa 
mixed gas is used as the upper cladding layer in the 
example of the steps shown in Figs. 2A through 2E, 
it is possible that the upper cladding layer 12 
45 simultaneously serves also as the stress applying 
film, even though this is a special example. More 
specifically, the stress condition can be adjusted by 
the upper cladding layer 12 by making use of a fact 
that the silica glass containing about 10 moleO/o or 
50 more of B2O3 easily changes its glass state by heat 
treatment. For instance, the stress-induced birefrin- 
gence exerted on the core portion can be changed 
by first irradiating a desired portion of the cladding 
layer 12 with a CO2 gas laser beam to heat the 
55 portion at a temperature of about 500° C or more and 
then by air-cooling the portion. 

However, it should be noted that this method 
cannot widely be employed for the following rea- 
sons: 

50 (1) The composition of the cladding layer is 

often defined by other requirements such as 
the setting of difference in refractive index, 
chemical durability or the like and. therefore, it 
is not possible to add B2O3 to the cladding layer 

65 freely at any desired amount; 
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(2) The refractive index per se of the 
Si02-B203 glass is also varied by the aforemen- 
tioned trimming operation and as a result, it 
becomes difficult to adjust only the birefrin- 
gence of the optical waveguide without causing 
a substantial change in the structure of the 
optical waveguide. 

Embodiment 6 

Fig. 10 is a cross sectional view showing the 
sectional structure of a trimmed portion of an optical 
waveguide as the sixth embodiment of the present 
invention. In this sixth embodiment, the stress 
applying film 31 is substantially uniformly formed on 
the upper surface of the cladding layer 12 in 
advance. Then, the stress adjusting grooves 21a and 
21b are formed within the cladding layer 12 on both 
sides of an optical waveguide 91 and the birefrin- 
gence value thereof is approximately adjusted to a 
desired value. Subsequently, the stress applying film 
31 formed on the upper cladding layer 12 is trimmed 
to precisely tune the birefringence characteristics or 
the polarization characteristics of the device. Ac- 
cording to this sixth embodiment, the birefringence 
can precisely be controlled over a wide range. 

For instance, in the case of the amorphous silicon 
stress applying film as explained in Embodiment 1, 
the birefringence value B varies from about 3.5x1 O^ 4 
(before trimming) to about 5.0x1 0" 4 (after trimming). 
However, it is difficult to set the value B at a value not 
more than 10 -4 . In contrast, according to the sixth 
embodiment shown in Fig, 10, the birefringence 
value can precisely be controlled by setting the 
position, the depth or the iike of the stress adjusting 
grooves 21a and 21b in advance properly, so that the 
value B is substantially zero and then by trimming 
the stress applying film 31 to precisely perform fine 
adjustment, even if the desired value B is in the 
range of not more than 10~ 4 . Thus, if a combination 
of the stress adjusting grooves 21a and 21b and the 
stress applying film 31 capable of being trimmed is 
employed, the birefringence value can widely be 
adjusted. 

While in the aforementioned embodiments, the 
present invention have been explained as to the 
integrated optical device mainly composed of the 
silica-based optical waveguides formed on the 
silicon substrate, it is a matter of course that the 
present invention is readily and equally applicable to 
silica-based optical waveguides disposed on a 
substrate of, for instance, silica glass or sapphire. 
Alternatively, the present invention can of course be 
applied to integrated optical devices provided with 
optical waveguides of materials other than silica- 
based glass, such as those provided with, for 
instance, multi-component glass optical wave- 
guides, LiNb03 optical waveguides, semiconductor 
optical waveguides and magnetic material optical 
waveguides. 

Embodiment 7 

Fig. 11 is a sectional view showing the sectional 
structure of a mlti-component glass integrated 



optical device as the seventh embodiment of the 
present invention. Core portions 102 and 103 are 
formed in the vicinity of the upper surface of an 
optical crown glass substrate 101 as a multi-compo- 
5 nent glass substrate by a Cs ion diffusing method. 
Single-mode optical waveguides comprised of these 
core portions 102 and 103 are arranged in a desired 
optical circuit pattern such as a pattern of interfe- 
rometer, a ring resonator or the like. In this 

10 embodiment, the glass substrate 101 per se simulta- 
neously serves also as a lower cladding layer. An 
upper cladding layer 104 is further disposed on the 
upper surface of the core portions 102 and 103 by 
depositing an Si02 glass layer on the core portions 

15 102 and 103 in accordance with the sputtering 
method. The amorphous silicon film 31 serving as 
the stress applying film capable of being trimmed is 
disposed in a desired portion or portions of the 
upper cladding layer 104. 

20 The multi-component glass type optical wave- 
guide formed by the ion diffusion method in general 
exhibits stress-induced birefringence due to the 
difference between the glass compositions of the 
core portion and the substrate. On the other hand, in 

25 the integrated optical device having such a con- 
struction as that shown in Fig. 11, desired birefrin- 
gence characteristics can be imparted to the device 
by trimming the amorphous silicon stress applying 
film 31. The reason why the Si02 glass layer 104 is 

30 arranged between the stress applying film 31 and the 
core portion 102 is to prevent the amorphous silicon 
film 31 from absorbing the light transmitting through 
the core portion 102. If the amorphous silicon film 31 
is formed so close to the core portion 102, the 

35 transmitting light in the core portion 102 is absorbed 
by the film 31. In other words, this arrangement is 
made in consideration of the fact that the core 
portion of the optical waveguide formed according 
to the ion diffusion method is situated near the, 

40 surface of the substrate. 

Embodiment 8 

Fig. 12 is a cross sectional view showing the 
45 sectional structure of a YIQ optical waveguide type 
device as the eighth embodiment of the present 
invention. 

In this embodiment, a YIG single-mode optical 
waveguide having a lower cladding layer 1 12, a core 

50 portion 113 and an upper cladding layer 114 is 
formed on a GGG crystalline substrate 111 in 
accordance with a combination of Liquid-Phase 
Epitaxial Method (LPE method) and an etching 
method. The amorphous silicon fiim 31 serving as 

55 the stress applying film capable of being trimmed is 
disposed on the upper cladding layer 114. 

The YIG optical waveguide on the GGG substrate 
generally exhibits stress-induced birefringence 
which results from the difference in the thermal 

60 expansion coefficient between the substrate and the 
optical waveguide. When such a YIG optical wave- 
guide is used in the field of guided-wave light 
isolator, it is required to tune the birefringence value 
to zero in order to ensure smooth Farady rotation. 

65 According to the constructure shown in Fig. 12, 
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such a precise tuning can be achieved by trimming 
the width of the stress applying film 31 while 
simultaneous monitoring the polarization charact r- 
istics of the core portion 113. 

Further, while in the embodiments explained 
above such as embodiments 1,2,3 and so on, the 
polarization characteristics of the device are deter- 
mined by an integral value of the birefringence value 
B of the optical waveguide integrated over a desired 
length of the optical waveguide, in this eighth 
embodiment, it is required that the value B per se be 
zero over the entire length of the optical waveguide. 
For this purpose, it is effective to uniformly finely 
adjust the width of the non-trimmed area 31a of the 
stress applying film 31 by trimming the width to 
reduce the birefringence value of the optical wave- 
guide substantially to zero (of the order of 10" 5 or 
less). 

It is of course necessary to property select the YIG 
compositions during the manufacturing process of 
the optical waveguide to make the birefringence 
value close to zero in advance, so that the 
birefringence value is set within a range in which the 
birefringence can be adjusted by trimming the stress 
applying film 31. 

According to the method of this embodiment, an 
optical waveguide device for light isolator can be 
fabricated with a good reproducibility, white allowing 
an error when the YIG optical waveguide is fabri- 
cated. 

It is natural that this embodiment may also have 
the same construction as that In Embodiment 5, i.e., 
the provision of both the stress adjusting grooves 
and the stress applying film. That is, the stress 
adjusting grooves are formed on both sides of the 
core portion 113 shown in Fig. 12 according to an 
etching process, so that the birefringence value of 
the core portion 113 is substantially equal to zero, 
and the final adjustment is carried out by trimming 
the stress applying film 31. 

While in the embodiments discussed above, the 
stress applying film 31 is arranged above the core 
portion of the optical waveguide in such a way that 
the symmetry between the right and the left halves of 
the film 31 is satisfied, the present invention is not 
limited to such a specific embodiment and if 
necessary, an asymmetrical arrangement between 
the right and the left halves is also acceptable in the 
present invention, as will be shown in the following 
embodiment. 

Embodiment 9 

Figs. 13A and 13B are, respectively, a plan view 
and an enlarged cross sectional view, taken along 
line A-A' of Fig. 13A, showing the construction of the 
ninth embodiment of this invention. 

In this embodiment, a core portion 122 of 
silica-based glass and a cladding layer 123 of 
silica-based glass formed to cover the core portion 
122 are disposed on a silica glass substrate 121 The 
amorphous silicon stress applying film 31 is dis- 
posed on the cladding layer 123 corresponding to 
the cor portion 122 over a desired length and only 
on one side of the cor portion 122. The silica-based 



optical waveguid on the silica glass substrate 121 
exhibits only a relatively small stress-induced bire- 
fringence, but the stress applying film 31 dispos d 
on on side of the core portion 122 serves to exert a 

5 stress-induced birefringence, of which the principal 
axis of the birefringence is inclined with respect to 
the direction perpendicular to the substrate 1 21 , on 
the optical waveguide 122 beneath the film 31. 
Therefore, the device having the construction shown 

10 in Figs. 13A and 13B as a whole functions as a 
guided-wave light wave plate. Since the stress 
applying film 31 capable of being trimmed with a 
laser is used in this device, a desired wave piate can 
be formed with a high accuracy by trimming suitably 

15 the width and the length of the stress applying film 
31. 

Finally, it should be emphasized that the present 
invention never be restricted to the integrated 
optical devices of the materials specifically illus- 
20 trated in the foregoing embodiments and that the 
present invention be applicable to other integrated 
optical devices of other materials. In particular, 
LiNb03 materials exhibit a photo elastic constant 
higher than those of glass materials or YIG materials 
25 and, therefore, the present invention is preferably 
applicable to LiNbOa integrated optical devices. For 
instance, if a stress applying film capable of being 
trimmed is arranged in the vicinity of the coupling 
portion of an LiNb03 directional coupler, the 
30 coupling factor and the polarization dependence of 
the directional coupler can precisely be adjusted by 
the stress-induced birefringence effect of the film, 
and thus the present invention is quite effective to 
fabricate an LiNbOa integrated optical device such 
35 as an optical switch and an optical modulator having 
such a directional coupler as a fundamental element. 

As discussed above in detail, according to the 
present invention, the birefringence characteristics 
of an optical waveguide and hence the polarization 
40 characteristics of an integrated optical device can be 
precisely controlled by disposing a stress applying 
film, the stress condition of which is variable by 
applying an external stimulation to the film, i.e., by 
trimming the film, on a cladding layer of an optical 
45 waveguide. The stress applying film can be trimmed 
while the optical fibers are connected to the input 
and the output portions of the optical device. 
Consequently, a so-called on-line monitoring control 
is available. Therefore, the present invention is 
50 extremely effective for constructing precisely an 
integrated optical device for optical communication, 
for optical sensor or for optical signal processing, in 
which the polarization characteristics play an import- 
ant role. 

55 In addition, the present invention is also applicable 
to a case where an optical path length is finely 
adjusted with an accuracy of 1/100 or less times the 
light wavelength of the optical waveguide in addition 
to the control of the birefringence value of the optical 

60 waveguide. The fine adjustment of such an optical 
path makes use of the variation in the refractive 
index of the optical waveguide in the longitudinal 
direction thereof as a result of the trimming of 1h 
stress applying film, although the variation is very 

65 small. 
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It would be expected that the pr cise setting of 
the birefringence value and the optical path length 
takes an important role in developing an integrated 
optica! device for optical communication using a 
coherent light, in which light wave is treated like 
microwave. 

The invention has been described in detail with 
respect to various embodiments, and it will now be 
apparent from the foregoing to those skilled in the 
art that changes and modifications may be made 
without departing from the invention in its broader 
aspects, and it is the invention, therefore, in the 
appended claims to cover all such changes and 
modifications as fall within the true spirit of the 
invention. 



said step of trimming said stress applying film to 
trim said stress applying film while monitoring 
said desired optical characteristics. 
7. A method as claimed in claim 5, charac- 
5 terized in that in said step of trimming said 

stress applying film, said stress applying film is 
trimmed by partially irradiating a light beam on 
said stress applying film. 

10 



Claims 

20 

1. An integrated optical device characterized 
by comprising: 

a substrate; 

a single-mode optical waveguide having a 25 
cladding layer disposed on said substrate and a 
core portion embedded in said cladding layer 
and for transmitting light therethrough; and 

a stress applying film disposed on a desired 
portion of said cladding layer and for adjusting 30 
stress-induced birefringence of said single- 
mode optical waveguide by irreversibly chang- 
ing a stress exerted on said core portion by 
trimming said stress applying film. 

2. An integrated optical device as claimed in 35 
claim 1, characterized in that said stress 
applying film is an amorphous silicon film. 

3. An integrated optical device as claimed in 
claim 2, characterized in that said single-mode 
optical waveguide is a silica-based optical 40 
waveguide having Si02 as its major component. 

4. A method for manufacturing an integrated 
optical device, characterized by comprising the 
steps of: 

forming a single-mode optical waveguide on 45 
a substrate, said single-mode optical wave- 
guide having a core portion embedded in a 
cladding layer and for transmitting light there- 
through; and 

forming, on said cladding layer, a stress 50 
applying film for exerting a stress on said 
single-mode optical waveguide and for irrever- 
sibly changing the stress by trimming said 
stress applying film. 

5. A method as claimed in claim 4, further 55 
characterized by comprising the step of partially 
trimming said stress applying film to adjust a 
stress-induced birefringence value of a part of 

said single-mode optical waveguide lying under 
the trimmed portion of said stress applying film 60 
to adjust optical characteristics of said inte- 
grated optical device. 

6. A method as claimed in claim 5, charac- 
terized in that a monitoring light is made 
incident upon said integrated optical device in 65 
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